The factors affecting the regulation of photosynthetic carbon fixation in diverse phytoplankton populations are not yet understood. To this end, we have measured the expression of the gene (rbcL) for the major carbon fixation enzyme, ribulose-1,5-bisphosphate carboxylase/oxygenase, in coastal phytoplankton populations off Cape Hatteras and in oligotrophic oceanic picoplankton near Bermuda. Using gene probes specific for the cyanobacterial/chlorophytic clade and the chromophytic clade (diatoms, chrysophytes, prymnesiophytes, and others) of Form I rbcL genes (''cyano'' and ''chromo'' probes, respectively), we have measured rbcL messenger ribonucleic acid (mRNA) levels in size-fractionated coastal waters, in a decktop diel incubator and a Lagrangian drifter study, and in vertical profiles in stratified, oligotrophic ocean water. In coastal waters influenced by estuarine plumes, an equal distribution of carbon fixation between the picoplankton and the micro/nannoplankton occurred, with cyano rbcL mRNA coinciding with Synechococcus counts in the Ͻ1-m fraction, with the majority of the chromo rbcL mRNA expression occurring in the larger sized phytoplankton fraction. In profiles of oligotrophic oceanic waters, the cyano rbcL mRNA was found in the upper water column (ϳ50-m depth) and coincided with peaks in Synechococcus counts. The chromo rbcL mRNA was concentrated at the subsurface chlorophyll a (Chl a) maximum (ϳ85 m) and corresponded to red-fluorescing cell counts, thought to be picoeucaryotes and diatoms. Photosynthetic carbon fixation and RUBISCO enzyme activity encompassed both cyano and chromo rbcL mRNA peaks, suggesting a near equal contribution to carbon fixation in the water column by these two phytoplankton clades. Both decktop diel incubator studies and a Lagrangian drifter study in coastal waters indicated cyano rbcL transcription in the morning and chromophytic rbcL transcription in the late afternoon/early evening. Thus, the two major clades of RUBISCOcontaining phytoplankton occupy separate niches in time, space, and cell size in the waters off Cape Hatteras. The factors determining such clade-specific niches may include efficiency of nutrient utilization, differences in relative carboxylase/oxygenase activity ( values) of cyano (Form IB) and chromophytic (Form ID) RUBISCOs, and differences in pigment composition/adaptation to light regimes. Additionally, we propose that chromo rbcL mRNA may be indicative of new production, whereas cyano rbcL mRNA correlates with recycled production in stratified, oligotrophic oceanic environments.
Although photosynthetic carbon fixation is one of the most important biological processes occurring in the ocean, little is known concerning the molecular regulation of this process in natural phytoplankton assemblages. The enzyme responsible for the vast majority of photosynthetic carbon fixation by phytoplankton is ribulose bisphosphate carboxylase/oxygenase (RUBISCO) (Raven 1993) . There is evidence for ␤-carboxylation (Descolas- Gros and Fontugne 1985; Colman 1989; Collos et al. 1992 ) occurring in natural populations, but the quantitative significance of this process is minimal under most conditions.
A diversity of phytoplankton taxa participate in photosynthetic carbon fixation in mesotrophic coastal environments and oligotrophic offshore communities. Coastal phytoplankton populations are characterized by chain-forming diatoms and phytoflagellates (Marshall and Nesius 1996; Webber and Roff 1996) , with picocyanobacteria contributing significantly to primary production, usually in the summer (Malone et al. 1991) . Primary production in offshore waters is dominated by autotrophic picoplankton (Waterbury et al. 1979; Li et al. 1983) , which are comprised of three major groups: Synechococcus (Johnson and Sieburth 1979; Itturiaga and Mitchell 1986; Stockner 1988) , Prochlorococcus (Chisholm et al. 1988; Campbell et al. 1994) , and picoeucaryotes (Campbell and Vaulot 1994; . How these diverse groups regulate the expression of their carbon fixation genes has become a topic of major interest to us.
The RUBISCO enzyme exists in nature as two forms, Form I and Form II (Tabita 1988) . The vast majority of the phytoplankton contain Form I RUBISCOs (Pichard et al. 1997b; Watson and Tabita 1997) , which are comprised of eight large and small subunits each (L 8 S 8 ) (Tabita 1988) . The Form II enzyme, believed to be an evolutionary precursor of the Form I enzyme, consists of a large subunit dimer (L 2 ). The Form II enzyme was thought to be limited to nonsulfur bacteria and chemotrophs but has recently been shown to occur in peridinin-containing marine dinoflagellates (Morse Fig. 1 . Representation of the phylogenetic relationships of rbcL genes of major phytoplankton and other microbial groups, with indication of hybridization to the cyano and chromo rbcL gene probes. Rowan et al. 1996) . The small subunits of the Form I enzymes are divergent in sequence, whereas the large (catalytic) subunits have been conserved within the major groups of autotrophs (Tabita 1988) .
The large subunit types of Form I RUBISCOs found in phytoplankton are further divided between the cyanobacterial/green algal line of plant evolution (Form IB) and the chromophytic algal (including diatoms, prymnesiophytes, pelagophytes, and chrysophytes) line of evolution (Form ID) (Tabita 1995; Pichard et al. 1997b; Watson and Tabita 1997; Fig. 1) . Form IA is found primarily in sulfur chemotrophic and photosynthetic bacteria (Tabita 1995) but was also recently found in Synechococcus WH7803 (Watson and Tabita 1996) . The Form IC group of RUBISCO is comprised primarily of enzymes from nonsulfur purple and select autotrophic bacteria, with no known members in the phytoplankton.
There are a myriad of regulatory mechanisms for RUB-ISCO, including activation or inhibition by small molecular weight compounds and molecular mechanisms such as transcription, translation, and posttranslational modification of the enzyme (Falkowski and Raven 1997; Paul and Pichard 1998) . Activation of the enzyme by CO 2 (termed ''carbamylation'') is central to this regulation (Hartman and Harpel 1994) . Phosphorylated sugars or sugar alcohols can bind to the carbamylated or uncarbamylated enzyme to activate or inactivate the enzyme, respectively, at least in higher plants (Paul and Pichard 1998) . The enzyme RUBISCO activase also plays a role in removing sugar bisphosphates from the active and inactivated enzyme (Portis 1995) . Transcriptional regulation has been shown to be a major mechanism for regulating RUBISCO activity in a myriad of cyanobacteria, algae, and higher plants (see Paul and Pichard [1998] for review).
The regulation of RUBISCO gene expression in natural phytoplankton populations has recently been studied by mRNA analysis (Pichard et al. 1993 (Pichard et al. , 1996 (Pichard et al. , 1997a . The detection of transcriptionally active, specific components of the phytoplankton community can yield information on which of these are contributing to primary production. Additionally, elucidating the environmental cues that control this process in the various components of the phytoplankton will enable a better understanding of carbon fixation in general. The development of clade-specific RUBISCO gene probes has enabled us to begin deciphering the transcriptionally active components of the phytoplankton.
We have developed hybridization probes specific for the Form IB (cyanobacterial, green algal line-termed ''cyano'' probe) and the Form ID (chromophytic algae-termed ''chromo'' probe) RUBISCO large subunit genes (rbcL) (Pichard et al. 1997a) . We have demonstrated the hybridization specificity of these probes with cultures of representative phytoplankton and have used them to study the expression of the rbcL genes in natural phytoplankton populations of the SE Gulf of Mexico. We extend the use of these probes to detect RUBISCO gene expression in the nearshore waters of the South Atlantic Bight near Cape Hatteras and oligotrophic waters near Bermuda.
Methods
Study sites-The locations of sampling sites appear in Fig.  2A . Samples were taken during cruises on the R/V Cape Hatteras (cruise CH-0995) from 18 July 1995 to 26 July 1995 and the R/V Seward Johnson (cruise SJ9607) from 22 July 1996 to 26 July 1996.
Sampling-During the Cape Hatteras cruise, surface water samples (3-m depth) were collected into acid-cleaned carboys by use of a submersible pump, while all subsurface samples were collected by use of a rosette sampler equipped with a Seabird conductivity-temperature-depth (CTD) with a polarographic O 2 sensor and blue light fluorometer. For the decktop incubator study, a 400-liter acid-cleaned polyethylene tank (Nalge) was filled by lowering a submersible pump over the side of the ship to a depth of 3 m. The tank was covered with two layers of neutral-density screening to simulate light intensity at 3 m, while temperature was maintained with a refrigerated cooling recirculator. Samples were collected every 4 h by siphoning into 20-liter acid-cleaned polycarbonate carboys. For the Seward Johnson cruise, all samples were taken with a rosette sampler at the times indicated in Fig. 7 . For the Lagrangian study, two Brightwater drifters equipped with global positioning systems (GPSs), ARGOS telemetry ashore, and very high frequency radio telemetry to the ship were employed. One drifter (Group A) was deployed in the upper layer between 4 and 10 m, and the other (Group B) was deployed in the lower layer between 18 and 24 m (Fig. 2B) . Sampling occurred approximately every 12 h, around 0900 h and 2100 h. rbcL mRNA analysis-Five hundred-milliliter to 1-liter samples were amended with diethyl pyrocarbonate (DEPC; Sigma Chemical) to 0.1% and filtered in duplicate on 25-mm, 0.45-m Durapore polyvinylidene difluoride membranes (Millipore). One milliliter of guanidinium isothiocyanate reagent (Pichard et al. 1993; Paul and Pichard 1995) was added, and the RNA was extracted by bead beating (0.1-0.15-mm glass beads) shipboard (R/V Hatteras cruise), or the samples were frozen in liquid nitrogen (R/V Seward Johnson cruise) until extraction (between 10 and 20 d after collection). RNA extraction, dotting, and probing were performed as previously described (Pichard et al. 1993; Paul and Pichard 1995) . Duplicate samples were probed with both the cyano probe (derived originally from Synechococcus PCC 6301) and the chromo probe (derived from Cylindrotheca sp.) (Pichard et al. 1997a ). These probes have been shown to specifically hybridize to phytoplankton containing Form IB RUBISCO (cyano probe) or Form ID RUBISCO (chromo probe) (Pichard et al. 1997a) .
Chl a and cell counts-Samples for Chl a were collected by filtration onto 25-mm Whatman GF/F filters and stored frozen until analysis. Chl a concentrations were determined fluorometrically (Holm-Hansen and Riemann 1978) . Autofluorescent cell counts (phycoerythrin [PE]-containing cyanobacteria as Synechococcus and red-fluorescing cells, believed primarily to be picoeucaryotes and some larger eucaryotic phytoplankton; Pichard et al. 1997a ) were performed as described by Vernet et al. (1990) . Diatom and dinoflagellate counts were performed as described by Sournia (1978) .
C carbon fixation-All
14 C-carbon fixation studies were performed essentially as described in Pichard et al. (1993 Pichard et al. ( , 1997a , using sterile, acid-cleaned 500-ml or 1-liter polycarbonate flasks. For diel and size-fractionation studies in coastal waters, incubations were performed in an incubator equipped with cool-white fluorescent bulbs at 75-89 E s Ϫ1 m Ϫ2 . Samples were size fractionated at the end of the incubation period by filtration through 5-or 1-m, 47-mm Nuclepore filters prior to filtration though 0.2-m, 25-mm Millipore GS filters. For profiles, on-deck incubations were performed with natural irradiance that was adjusted to resemble the intensity and spectral features of the underwater light field through the use of neutral-density screening and colored acetate filters. Irradiance intensity as a function of depth was determined by use of a Li-Cor underwater light meter equipped with surface-and underwater photosynthetically active radiation sensors.
RUBISCO enzyme activity-Samples (20-liter) were concentrated to 50 ml by vortex flow filtration using a Benchmark rotary biofiltration device (Jiang et al. 1992 ). Ten-milliliter aliquots of the concentrated retentate were further concentrated by centrifugation at 10,000 ϫ g at 4ЊC. The pellets were resuspended in 300-500 l seawater, then combined and centrifuged in a microcentrifuge. The pellets were frozen in liquid nitrogen until analysis. RUBISCO activity was essentially determined by the method of Read and Tabita (1992) .
Results
Size distribution of rbcL expression in coastal environments- Table 1 shows the temperature, salinity, and bacte- rial direct counts for coastal Sta. 1-5 (Fig. 2) . Carbon fixation and Chl a are parameters common to all members of the active phytoplankton community, and the size distribution for these appears in Fig. 3A ,B. In the surface waters of Sta. 1, 3, and 5S, ϳ40% of the Chl a and carbon fixation was in the Ͼ5-m fraction, indicative of eucaryotes and chain-forming diatoms. Approximately 20-30% of the carbon fixation and Chl a occurred in particles Ͻ1 m in size (picoplankton) at the same stations. Thus, Sta. 1, 3, and 5 showed an approximately equal distribution in carbon fixation and biomass between larger phytoplankton and ultraand picoplankton. These stations were in estuarine plumes, as indicated by surface-water salinity (31-34 ppt; Table 1 ). Sta. 2, apparently influenced by oceanic water (salinity ϭ 35.6 ppt), had the lowest Chl a and carbon fixation values of all four stations, with the picoplankton-sized fraction ac-counting for 62 and 72% of the Chl a and carbon fixation, respectively. At Sta. 5B, sampled near the bottom (at 25 m of 30-m total depth), the phytoplankton was dominated by larger organisms, with Ͼ70% of the Chl a and carbon fixation present in the Ͼ5-m size fraction. Figure 3C ,D shows the size distributions of the cyano and chromo rbcL mRNA-containing particles. The cyano mRNA was primarily associated with the smaller sized particles in the surface waters of all the stations, with 34-68% Ͻ1 m and 67-100% Ͻ5 m in size. The exception to this pattern was again in the bottom water of Sta. 5, of which 99% of the rbcL mRNA-containing particles were Ͼ5 m. Because this was near the bottom, there may have been a large number of phytoplankton cells attached to resuspended particles. The size distribution of cyano rbcL mRNA closely resembled that of the PE-containing cyanobacterial counts (orange-fluorescing Synechococcus counts; Fig. 3E ). As with cyano rbcL mRNA, very high concentrations of Synechococcus-like cells were found at Sta. 1 near the mouth of the Pamlico Sound estuary. The Synechococcus cell counts were primarily associated with the Ͻ1-and 1-5-m fractions, as found for the cyano rbcL mRNA.
The chromo rbcL mRNA was primarily associated with the Ͼ5-m fraction (Sta. 3, 5) or the 1-5-m fraction (Sta. 1), indicating that the chromophytic rbcL-containing organisms were larger than the cyano rbcL-containing organisms. The exception to this was again found for Sta. 2, where even the chromophytic rbcL mRNA was associated with small particles (Ͼ93% were Ͻ1 m). Thus, both cyanobacterial and chromophytic organisms comprised the picoplankton at this station. Figure 3F shows the size distribution of redfluorescing cells. These organisms are primarily larger eucaryotes and were associated with the largest size fraction. Sta. 2 had a very low number of red-fluorescing cells, although they were all (Ͼ97%) Ͼ5 m in size. These data further illustrate the dominance of picoplankton at this inshore station.
The overall size distribution of carbon fixation (Fig. 3A ) most closely resembled the size distribution of PE-containing Synechococcus cells (Fig. 3E) and that of cyano rbcL mRNA, indicating that these organisms were perhaps the major contributors to carbon fixation in these waters. The lack of cyano rbcL mRNA in the Ͼ5-m fraction indicates the importance of chromophytic rbcL gene expression in determining carbon fixation for the large phytoplankton. The distribution of red-fluorescing cells (Fig. 3F) did not follow the size distribution of carbon fixation (Fig. 3A) .
Vertical distribution of cyano and chromophytic rbcL gene expression near Bermuda-Two vertical profiles were performed in offshore waters near Bermuda, one each at Sta. 6 (east of Bermuda) and Sta. 7 (eastern edge of the Gulf Stream; Fig. 1 ). Similar results were obtained from both, and the results of the profile for Sta. 6 appear in Figs. 4, 5. Figure  4 shows the in situ fluorescence, salinity, and temperature data for the station, which indicated a broad subsurface chlorophyll maximum (SCM) from 80 to 100 m in depth. The mixed layer was approximately 25 m deep, with the thermocline spanning 25-40 m. Figure 5A shows photosynthetic carbon fixation, RUBISCO enzyme activity, Chl a, and % surface illumination (%I o ). The 1% surface illumination and the Chl a maximum occurred at approximately 85 m, indicating the oligotrophic nature of this station. Photosynthetic carbon fixation and RUBISCO activity followed a nearly identical trend, with a broad subsurface peak spanning 55-85 m deep. Figure 5B shows the distribution of cyano rbcL mRNA, Synechococcus counts, and dinoflagellate counts with depth. A similar pattern of abundance with depth was observed for the Synechococcus cell counts and cyano mRNA, with a peak in the surface water, a decrease at 25 m, and a subsurface peak at 55 m. This peak also corresponded to the depth of the greatest dinoflagellate abundance. The upper half (55 m) of the subsurface carbon fixation peak seems to be due to picocyanobacterial carbon fixation. The high level of cyano mRNA in the surface water did not correspond to a high level of carbon fixation, indicating that another factor besides transcriptional regulation was controlling RUBISCO activity there (i.e., perhaps some posttranslational modification). Alternatively, C fixation (and RUBISCO activity) could have been limited by some other factor (nutrients?) or by photoinhibition in the surface waters. Figure 5C shows the distribution of chromophytic rbcL mRNA, diatom counts, and red-fluorescing cells. Chromo rbcL mRNA occurred at the depth of the Chl a maximum (85 m), where elevated levels of diatoms and red-fluorescing cells (presumably picoeucaryotes) were also found. Thus, the bottom half of the subsurface carbon fixation/RUBISCO activity peak was characterized by chromophytic carbon fixation, including diatoms and picoeucaryotes. A vertical separation between these two evolutionary clades of Form I RUBISCO-containing organisms occurred, with Form IB in the upper water column and Form ID in the lower water column.
Diel regulation of cyano and chromo rbcL transcript abundance-The results of a diel decktop incubator study with a surface-water sample from Sta. 5 appear in Fig. 6 . Carbon fixation and rbcL mRNA appear in Fig. 6A , while the biomass parameters of Chl a and autofluorescent cell counts appear in Panel B. A diel pattern of carbon fixation at a fixed light intensity was observed, with the greatest carbon fixation occurring in the morning and the lowest occurring at the 2300-and 0300-h samplings. Strong evidence of diel regulation of cyano rbcL transcription was found, with rbcL abundance increasing in the morning and peaking at 1500 h. By 1900 h, there was no detectable cyano mRNA signal. The chromo rbcL mRNA also showed strong evidence of diel regulation of transcript abundance, but it peaked 4 h (1900 h) after the peak in the cyano rbcL expression. There was also evidence of diel variation in RUBISCO specific activity (units per milligram of protein), which closely followed variations in carbon fixation. However, when expressed as activity per milliliter of seawater, no obvious diel trend was observed (data not shown). There was little evidence of diel variation in autotrophic cell counts or Chl a, although a slight elevation in these parameters occurred at the 1500-h sampling. Thus, the diel changes noted in carbon fixation and rbcL mRNA were not caused by variation in autotrophic population size but were most likely caused by transcriptional regulation. Additionally, these data suggest the presence of a temporal separation in expression of the cyano and chromo rbcL genes.
To further confirm or negate the observation of a temporal separation in expression of these two evolutionary RUBIS-CO clades, a Lagrangian study was performed in conjunction with the U.S. Department of Energy's Ocean Margin Program in the same approximate area as Sta. 5 (Fig. 1) . Panel A (Fig. 7) is from the surface drifter, while Panel B is from the subsurface drifter. Sampling could only occur every 10-12 h because of experimental design constraints. As seen in the diel decktop incubator study, cyano and chromo rbcL mRNA levels were out of phase with one another, with cyano rbcL mRNA maximal in the morning and chromo mRNA maximal in the evening. These studies corroborate the temporal separation in transcription of these two clades of RUBISCO large subunit genes.
Multiple regression analysis was performed using the entire data set, the whole (nonsize fractionated) data set, the tank diel and profile data, and the profile data alone. For each data set, three regressions were performed, one each using the carbon fixation, cyano rbcL, and chromo rbcL data as the dependent variable (Table 2) . When primary production was the dependent variable, Synechococcus cell counts were used as a significant independent variable in three of four analyses performed. Variation in Chl a accounted for a † All data are for all stations, including size-fractionated data, exclusive of the Lagrangian study from the R/V Seward Johnson cruise. ‡ C-fix is photosynthetic carbon fixation. § Chl a is chlorophyll a. Chrom is chromo rbcL mRNA. ¶ Syn is Synechococcus cell counts. # Cyano is cyano rbcL mRNA. ** Unsize-fractionated samples are the data for whole-water samples only (no Ͻ5-or Ͻ1-m data included).
† † Red is red-fluorescing cells. ‡ ‡ RuB is RUBISCO enzyme activity. § § Profile and diel signifies data from Sta. 6, 7 vertical profiles, and diel is the decktop incubator data. Profile only is data for Sta. 6, 7. ¶ ¶ NS, the regression was not significant. significant proportion of the variability in primary production in three of four analyses and for variation in the chromo rbcL mRNA in two of four analyses. Such results argue strongly for the importance of picocyanobacteria in carbon fixation in these waters. The entire data set and that for unfractionated samples, which are heavily weighted by coastal data, showed a strong influence of chromo rbcL mRNA, indicating the importance of chromophytes in carbon fixation in coastal waters. When cyano rbcL mRNA was the dependent variable, the variation in this parameter could be explained by primary production and Synechococcus counts in the entire data set and the unfractionated data sets, indicating the interrelationship between carbon fixation and cyano rbcL expression. When chromo rbcL mRNA was the dependent variable, cyano rbcL mRNA was the only significant independent variable in the entire and nonsize-fractionated data set. We think this is the result of nearshore to offshore autocorrelation, because extremely high values for both of these parameters were found at Sta. 1, 5B. In the profiles (Sta. 6, 7), chromo rbcL variation was effectively explained by variation in Chl a, as indicated in Fig. 5 . Thus, the abundance of chromophytes in the SCM can account for this relationship.
Discussion

Size distribution of RUBISCO gene expression in coastal waters-Environments under the influence of plumes from
Pamlico Sound (Sta. 1) and Chesapeake Bay (Sta. 3, 5) showed both active picoplankton (ϳ30% Ͻ 1 m) and micro/nannoplankton (40% Ͼ 5 m) fractions in terms of carbon fixation and rbcL gene expression. The Ͻ1-m fraction was characterized by cyanobacterial mRNA transcription and an abundance of PE-containing picocyanobacteria. The larger sized chromophytic rbcL mRNA values found here were presumably caused by diatoms, which are abundant in these waters. A similar size distribution of autotrophs was found in the Thau Lagoon in the Mediterranean (Vaquer et al. 1996) and in coastal Gulf of Mexico waters under the influence of the Tampa Bay plume (Pichard et al. 1997a ). In the latter environment, 43% of the carbon fixation was associated with particles Ͻ1 m in size, with 25 and 31% associated with particles Ͼ5 and 1-5 m, respectively. Sta. 2, not in the direct plume of any estuary and perhaps influenced by Gulf Stream water (salinity ϭ 35.8 ppt) showed a particle size distribution characteristic of autotrophic picoplankton, including picoeucaryotes, with 70% of the primary production, 44% of the cyano rbcL mRNA, and 93% of the chromophytic mRNA associated with particles Ͻ1 m in size. A similar picoplankton-dominated distribution for cyano rbcL transcription has been found in the offshore oligotrophic waters of the SE Gulf of Mexico, where 84-100% was associated with particles Ͻ1 m in size. However, even in these waters, the chromo rbcL mRNA was primarily associated with Ͼ1-or Ͼ5-m-sized particles (Pichard et al. 1997a ), corresponding to ca. 36% of the carbon fixation. We do not know the nature of the chromophytes in the Ͻ1-m fraction of Sta. 2. Chromophytic picoeucaryotes known to occur in the Atlantic include prymnesiophytes and pelagophytes (Andersen et al. 1993 (Andersen et al. , 1996 . Rappe et al. (1995) also noted the presence of chromophytelike algae in the subtropical Atlantic based on identification of plastid ribosomal ribonucleic acid (rRNA) genes.
The abundance of larger particles in the subsurface sample at Sta. 5B was either the result of resuspension of benthic diatoms and chlorophytes or a bloom of larger phytoplankton brought about by intrusion of cold, high-nutrient water. A steep thermocline was found at 10 m at this station. It is well known that under nutrient replete conditions or in the presence of elevated nitrate N, larger chromophytic organisms are favored over picoplankton (Malone 1980; Chisholm et al. 1992; Riegman et al. 1993; Clarke and Leakey 1996) . The source of this cold, high-nutrient water is unknown, but the autotrophic size distribution and salinity (33 ppt) are indicative of estuarine water (Pichard et al. 1997a ). For example, inside the mouth of Tampa Bay, we have previously found 88% of the cyano rbcL mRNA, 80% of the carbon fixation, and 60% of the Chl a in particles Ͼ5 m in size (Pichard et al. 1997a ), similar to that observed for Sta. 5B.
Vertical distribution of RUBISCO gene expression-Both
profiles at Sta. 6, 7 (data not shown) indicated a spatial separation of the cyanobacterial/green clade of rbcL evolution (Form IB) from the chromophytic (Form ID rbcL) phytoplankton, with the former in the upper portion of the water column and the chromophytes located at the SCM. The peak in cyano rbcL mRNA (50 m) coincided with the peak in maximal PE-containing cyanobacteria (Synechococcus counts), while the peak in chromo rbcL mRNA coincided with an abundance of red-fluorescent cell counts (presumably picoeucaryotes) and diatom counts. A similar vertical distribution of cyano and chromo rbcL mRNA was observed in the oligotrophic regions of the SE Gulf of Mexico (Pichard et al. 1997a ). In that study, both flow cytometry and pigment analyses were performed. Synechococcus cells were most abundant in the surface waters (3-25 m), with Prochlorococcus abundant (2 to 3 ϫ 10 5 cells ml Ϫ1 ) at 50 m and picoeucaryotes at the SCM (68-80 m). Pigment analysis of the SCM indicated the presence of fucoxanthin, 19Ј-butanoyloxyfucoxanthin, and 19Ј-hexanoyloxyfucoxanthin, indicative of diatoms and other heterokont chromophytes, pelagophytes, and prymnesiophytes, respectively. Zeaxanthin, indicative of prochlorophytes and Synechococcus, peaked in waters above the SCM. Others have found evidence for picoeucaryote dominance of the SCM. The proportion of pelagophytes was found to increase with depth at Bermuda and Hawaii and to dominate the SCM (Ͼ100 m; Andersen et al. 1996) . Letelier et al. (1993) found prymnesiophytes and chrysophytes to make up 35% of the autotrophic biomass at the SCM at station ALOHA, Hawaii. Furuya (1990) found the SCM to be composed primarily of picoeucaryotes in the West Pacific Ocean. Others have found prochlorophytes abundant at the SCM (Shimada et al. 1993) .
Diel regulation of rbcL gene expression in coastal waters-Our decktop tank incubator study showed clear evidence of diel regulation of rbcL transcript abundance, with greater concentrations of rbcL transcripts in the light than in the dark. This could have been caused by changes in the rate of message production (transcriptional regulation) or modulation of transcript degradation (posttranscriptional regulation). A previous study conducted in the Gulf of Mexico indicated diel regulation of cyano rbcL transcript abundance in decktop incubator studies of natural populations, Lagrangian studies of a water mass, and a laboratory study with a Prochlorococcus strain in culture (Pichard et al. 1996) . We did not anticipate the temporal shift observed between cyano and chromo rbcL expression, whereby cyano transcription occurred in the morning, followed by chromo rbcL expression in the afternoon. Diel regulation of rbcL transcription has been studied in cyanobacteria (Chow and Tabita 1994; Li and Tabita 1994) and in the chromophyte Heterosigma carterae (Reynolds et al. 1993 ). In both of these groups of organisms, transcription occurred in the light, then began to decrease toward the end of the light cycle, reaching a minimum during the dark cycle. An ''anticipatory'' increase in transcription occurs near the end of the dark phase, prior to receiving any cue by light (Reynolds et al. 1993; Watson and Tabita 1996) . Why these two types of transcription are offset in natural phytoplankton populations is unknown.
Diel fluctuations in photosynthesis and diurnal rhythms in phytoplankton production have been known for years (Doty and Oguri 1957; Verduin 1957; Sournia 1974) . Cuhel et al. (1984) observed synthesis of protein in algae at night, and Collos et al. (1989) found nocturnal increases in Chl a and particulate N, with decreases in these parameters during the day. Hama and Handa (1992a) found production of glucose in the day by phytoplankton populations and consumption at night. These investigators also found amino acid synthesis to occur in the morning (0900-1200 h), with fatty acid synthesis occurring in the afternoon. This was attributed to nitrogen consumption in the morning, resulting in N-limited fatty acid synthesis in the afternoon (Hama and Handa 1992b). Prezlin et al. (1987) found no clear diel pattern in RUBISCO activity for water samples enclosed in 200-liter vats for 38 h but observed an overall increase in activity over the incubation period. We found evidence of diurnal levels in RUBISCO specific activity, which were probably due in part to transcriptional and other forms of regulation (Hartman and Harpel 1994; Tabita 1995) .
The reason for the temporal separation between cyano and chromophytic clade rbcL expression may be that the main mode of regulation in picocyanobacteria is at the transcriptional level, whereas the eucaryotic chromophytes are under other regulatory mechanisms. The synthesis of RUBISCO in chromophytes could be more linked to cell division (or other cellular processes), which might occur in the early evening or at night. Synthesis of RUBISCO may occur late in the day and the enzyme stored in an inactive form, then activated in the morning in the chromophytes. Potential mechanisms involved in enzyme activation or inactivation, respectively, include RUBISCO activase (RA), which cleaves RuBP from the uncarbamylated RUBISCO (Hartman and Harpel 1994) , or the binding of 2-carboxyarabinitol 1-phosphate (CA1P) to the active (carbamylate) form of the en-zyme to inactivate it. Both CA1P removal and RUBISCO activase are dependent on light.
The bimodal regulatory pattern of rbcL transcription observed was for coastal water (Sta. 5 and environs), which were under the influence of an estuarine plume in these studies. It is not known if the rbcL transcription of the chromophytes of the SCM are regulated out of phase or in phase with the picocyanobacteria in stratified water columns of oligotrophic environments such as Sta. 6, 7, near Bermuda.
The carbon fixation associated with chromophytes (particularly diatoms and prymnesiophytes) at the SCM has been termed new production, because these organisms are generally N-limited in the euphotic zone and use nitrate as their major source of nitrogen, which is advected into the photic zone. They are viewed as the backbone of the ''biological pump,'' or the mechanism of transport of organic matter into the deep ocean (Cochlan et al. 1991; Claustre 1994) . Picocyanobacteria such as Synechococcus and Prochlorococcus (cyanophytic rbcL clade) are viewed as ''recycled production'' because of their efficient use of recycled N (believed to be ammonium or organic N) and the fact that production is often balanced by grazing (Latasa et al. 1997) . We propose that, in stratified oligotrophic water columns, cyano rbcL mRNA may be evidence for the abundance of recycled production, whereas chromophytic rbcL mRNA may be an indicative of new production. Our observations of this phenomenon are limited to the SE Gulf of Mexico and the tropical Atlantic near Bermuda. We would like to test this hypothesis in other tropical and temperate oceanic environments in conjunction with alternate methods for clade-specific production such as specific pigment labeling (DiTullio et al. 1993; Goericke and Welschmeyer 1994; Latasa et al. 1997) .
Our results clearly indicate a separation of the cyanophytic and chromophytic rbcL expression in terms of three parameters: (1) particle size, with chromophytic rbcL expression associated with larger particles and cyano rbcL expression associated with the Ͻ1-m-size fraction, at least for coastal waters; (2) time of day, with cyano rbcL expression in the morning and chromophytic rbcL expression in the afternoon; and (3) in space or position in the water column, with low nutrient, brightly lit upper water column for the cyano rbcL expression and the dimly lit, bottom of the photic zone for chromophytic rbcL expression. It appears as if these RUB-ISCO clades evolved to take advantage of these size, space, and time niches in oceanic ecosystems. Selective pressures enabling such niche occupation are not completely understood but probably involve nutrient utilization (the efficient utilization of low levels of recycled N by the cyanobacteria/ prochlorophytes in the upper water column compared to nitrate utilization at the SCM by the chromophytic phytoplankton) and pigment composition/adaptation to light regimes. For example, the chromophytic eucaryotes may be better adapted to use the low levels of light found at the SCM. Additionally, the chromophytic algal RUBISCOs are known to have a greater specificity for CO 2 over O 2 ( value) than the cyanophytic/green algal forms of the enzyme (Read and Tabita 1994) . Thus, the chromophytes would be less likely to photorespire, which results in a net loss of energy and reductant (Raven 1993 ). Molecular efficiency (greater ratio of carboxylase to oxygenase) would be an advantage for carbon fixation late in the day in coastal surface waters, when photosynthetically produced oxygen levels may be maximal and light intensities are less. It should be noted that observations regarding the values for RUBISCO have been made for cultures of marine chromophytes and one Synechococcus species and may not be representative of natural populations. Direct testing of specificities of naturally occurring RUBISCO enzyme preparations are needed to verify or negate this hypothesis. Alternatively, differences in CO 2 -concentrating mechanisms (CCMs) could counter effects of molecular efficiencies of RUBISCO. These and other interesting possibilities that might explain the vertical separation of organisms containing these two evolutionary clades of rbcL are fertile areas of research. 
